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Abstract 
The aim of this work is to determine the impact of a thermal gradient on the crystallization kinetics of apatites 
(Ca2Nd8(PO4)(SiO4)5O2) and powellite (CaMoO4) in a borosilicate glass containing rare earth elements and molybdenum, 
typically incorporated in nuclear waste glasses. An automated SEM allows the acquisition of images over a large area of 
glass samples submitted to isothermal or thermal-gradient heat treatments. The images are then processed by image 
analysis, allowing the extraction of crystal morphological parameters. The evolution of these parameters is plotted versus 
time and temperature. The comparison of data from glass samples which have undergone an isothermal heat treatment 
with samples treated in a thermal gradient allows us to determine the impact of the thermal gradient. 
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1. Introduction 
During the production of nuclear waste glass at industrial scale, thermal gradient zones can be found in the 
crucible. Based on previous studies of crystallization in simulated nuclear borosilicate glass [1,2,3,4,5], 
isothermal heat treatment of the glass at temperatures ranging from the glass transition (~520°C) to the 
melting temperature (~1200°C) are known to favor the appearance of crystals, including powellite, apatite, 
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zincochromite, cerianite and albite. We studied the crystallization kinetics in the thermal gradient areas in 
order to determine the impact of a thermal gradient on the crystallization kinetics of nuclear glass. 
Our objectives were therefore to define a way to quantify the crystallization in samples treated under 
strong thermal gradient conditions, and to determine whether the thermal gradient affects crystallization 
(nature and morphology of the crystalline phases and crystallization kinetics). Two glass compositions were 
studied for this purpose: 
1.  
2. (CAG) containing 31 oxides including platinum-group elements 
(Pd, Ru) known to form aggregates. 
The glass compositions were chosen to be representative of the industrial process used for the vitrification 
of nuclear waste. 
2. Glass Synthesis and Heat Treatments 
The CAG was prepared by mixing suitable proportions of reagent grade oxides. The blended powder was 
poured into a platinum-rhodium crucible and heated for 3 hours at 1250°C in a Joule effect furnace. The melt 
was stirred continuously to ensure the homogeneity of the glass and to prevent settling of noble metal 
aggregates [2,6,7]. The glass was cast onto a steel plate, coarsely ground, placed in a platinum-gold crucible 
and reheated in a resistance furnace for 15 min at 1200°C. The second melt was cast into carbon crucibles and 
immediately reheated for 6 hours at 630°C. This was in fact both an annealing and a nucleation treatment, as 
glass samples of similar compositions have been found to nucleate at this temperature [3]. This treatment 
allowed us to cut glass specimens with a diamond saw. 
The CAG was characterized (chemical composition and homogeneity) by X-Ray fluorescence, SEM, XRD 
and TEM analysis. The homogeneity of the commercial SAG frit was also checked by SEM, XRD and TEM 
analysis. Except for RuO2 and Pd-Te alloy aggregates found in the CAG, no crystalline phases or phase 
separation were observed in the initial forms of these 2 types of glass. 
Isothermal heat treatments were then performed on each glass composition in a tubular furnace, for various 
temperatures and durations: 
 heat treatment temperatures: 700°C, 725°C, 775°C, 800°C, 840°C, 855°C, 870°C and 900°C; 
 heat treatment durations: 1 h, 2 h, 3 h, 6 h, 17 h, 65 h and 120 h. 
Thermal gradient heat treatments were also performed in a vertical thermal gradient furnace. In this setup, 
300 or 800 g samples of coarsely ground glass were placed in a hollow cylindrical ceramic crucible. Thermal 
gradient heating was then ensured by heaters located just above the crucible, and a water circuit at the bottom 
of the crucible. A mobile thermocouple allowed temperature measurements through the thermal gradient in 
the glass for temperatures above 850°C (below 850°C the viscosity of the glass was too high). Heating and 
cooling rates in this setup were low (about 100°C·h-1). Therefore, only experiments of long duration (> 24 
hours) were relevant. The results presented in this paper were obtained for experiments lasting 65 hours. 
3. Results and Discussion 
Crystalline phases already observed in simulated nuclear waste glass [1,2,3,4,5] were found after 
isothermal heat treatments. Crystals were observed by SEM in BSE mode and their nature was determined by 
EDS and XRD analysis. Aluminosilicate and calcium silicates crystals could not be identified by XRD as 
their content was too low. The crystalline phases observed and their thermal stability domains are summarized 
in Table 1. 
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Table 1: crystalline phases observed 
Crystalline phase Glass composition Temperature range (°C) Element detected (EDS) Reference Formulae (from XRD 
measurements + EVA data) 
Powellite CAG 700 to 900 Ca, Mo, O, Sr, Nd CaMoO4 
Apatite CAG and SAG SAG: 700 to 900 
CAG: 700 to 840 
SAG: Ca, Nd, Si, O 
CAG: Ca, RE, Si, O, P 
CAG: Ca2.2Nd7.8(SiO4)6O1.9 
SAG: Ca3RE7(SiO4)5(PO4)O2 
Cerianite CAG 700 to 775 Ce, Zr, O CeO2  
Aluminosilicate SAG 700 to 775 Na, Al, Si, Fe, O / 
Calcium silicates SAG 700 to 775 Si, Ca, Fe, Co, Ni, O / 
 
The two main crystalline phases observed in CAG are apatite and powellite. This paper focuses on these 
two phases in the complex aluminoborosilicate glass. 
SEM micrography of the heat-treated CAG allowed us to observe the evolution of the crystal morphologies 
with the temperature: 
 Powellite crystals are found as dendrites or crosses in the low-temperature domain (700°C<T<840°C), and 
as round shapes or clusters at higher temperatures (840°C<T<900°C). These results are in good agreement 
with the literature [2,8]. 
 Apatite crystals are found as hollow hexagonal needles and hollow regular hexagons at low temperatures 
(700°C<T<775°C) and as filled hexagonal needles or regular filled hexagons at higher temperatures 
(700°C<T<840°C). 
In order to quantify the crystallization, an image analysis method using ImageJ software [9] was applied to 
the heat-treated glass samples (up to 200 images per sample in order to cover a significant area). This method 
is based on contrast thresholding and morphological operations (typically opening, median 3×3 filter or 
closing operations) to obtain image segmentation. This leads to the quantification of the crystallization of a 
p
ellipse that can fit the crystal). The total number of crystals was also determined to obtain data on nucleation. 
This analysis was used to calculate the crystal surface area fraction (insight on the overall rate of 
crystallization) and the surface density of crystals (insight on the nucleation rate). In order to address the 
adverse effects of the surface analysis on the study of anisotropic crystals, as already done elsewhere [2], only 
the 10 largest crystals were considered for the evolution of the crystal length and width. The size (length and 
width) of apatite and powellite was plotted as a function of time, for different temperatures, and the initial 
slope of the curves was calculated. The evolution of these initial slopes was plotted versus temperature for 
each crystalline phase in order to study the evolution of the growth rate of powellite and apatite (Figure 1). 
The uncertainty on the measurements has not yet been quantified yet, but this gives at least an order of 
magnitude of the growth velocities rates and the temperature range where in which the crystal growth is the 
fastest. The difference between longitudinal and lateral growth speeds rates illustrates crystals anisotropy and 
gives insight on into the crystallization mechanism of the crystals. While apatite crystals exhibit an 
anisotropic growth in its entire temperature range of crystallization, powellite crystals show a change in the 
growth mechanism around 840°C (see Figure 1). This has already been reported in the literature [2] [8]. 
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Figure 1: Growth kinetics of powellite (top) and apatite (down) in CAG after isothermal heat treatment. The dashed line is a guide for the 
eyes. 
 O. Delattre et al. /  Physics Procedia  48 ( 2013 )  3 – 9 7
SEM images of thermal gradient heat-treated samples were automatically acquired on a rectangular pattern 
parallel to the thermal gradient direction. Image analysis treatment performed on each line of the image 
mosaic allowed us to plot the evolution of the morphological parameters of the crystalline phases versus the 
position in the gradient (Figure 2). As an example, the evolution of the surface area fraction of powellite and 
apatite as a function of the distance in the thermal gradient is plotted on Figure 2 (for thermal gradients of 
about 140 and 280°C·cm-1). 
 
 
Figure 2: Surface area fraction of powellite (top) and apatite (down) plotted versus the distance from the coldest point in the sample for 
two thermal gradient experiments (140 and 280°C·cm-1). 
The appearance and size of the crystals in the thermal gradient experiments are similar to those observed in 
the isothermal experiments (not illustrated here). The width of the crystallized layer is significantly narrower 
in the 280°C·cm-1 thermal gradient experiment (~6 mm) than in the 140°C·cm-1 experiment (~12 mm). This is 
related to the thermal stability domain of crystals (700 900°C for powellite, 700 840°C for apatites in CAG) 
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and to the strength of the thermal gradient: a given temperature range is narrower for a stronger thermal 
gradient. 
Due to the high viscosity of the glass below 850°C, the temperature could not be measured in the 
crystallized domain. However, temperature measurements could be performed above 850°C and we used 
these data to extrapolate the temperature evolution in the crystallized layer (assuming a linear evolution as a 
first hypothesis). This allowed us to plot the data obtained in the thermal gradient as a function of 
temperature. 
 
 
Figure 3: Surface area fraction of powellite (3a) and apatite (3b) versus temperature obtained in 140°C·cm-1, and 280°C·cm-1 thermal 
gradient conditions and in isothermal conditions. 
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Figure 3a compares the crystallized surface area fractions obtained for powellite in both isothermal and 
thermal gradient experiments. The temperature dependency of the crystallized surface fraction is very similar 
in both conditions, suggesting that the studied thermal gradients have no strong impact (at least not visible in 
our experimental conditions) on crystallization. Concerning apatite crystals (Figure 3b), crystallization 
behavior also seems to be similar in both isothermal and gradient conditions, except for temperatures below 
775°C. Because no difference between the two thermal gradient experiments is observed, and because we did 
not observe any differences in the crystal nature, morphology, or size, the difference between isothermal and 
thermal gradient data at temperatures below 775°C could be due to experimental uncertainties. More 
particularly, this could be related to an effect of the temperature extrapolation over the crystallized layer. In 
the future, a nonlinear extrapolation should be considered, taking into account the variation of the thermal 
conductivity of the glass within the temperature range. 
4. Conclusion and prospects 
An image analysis method based on contrast thresholding was used to quantify the crystallization kinetics 
in a simulated nuclear borosilicate glass. The kinetics of crystallization of both apatite and powellite were 
studied in glass samples submitted to isothermal and thermal gradient heat treatments. Crystallization rates 
and crystal morphologies obtained in thermal gradients (up to about 280°C·cm-1) are in good agreement with 
results obtained in isothermal conditions. Similar experiments are currently in progress to quantify the 
crystallization kinetics of apatite and powellite in a stronger thermal gradient. In parallel, a better way to 
determine the temperature in the crystallized domain will be studied. 
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